Type 2 immunity is a stereotyped host response to allergens and parasitic helminths that is sustained in large part by the cytokines IL-4 and IL-13. Recent advances have called attention to the contributions by innate cells in initiating adaptive immunity, including a novel lineage-negative population of cells that secretes IL-13 and IL-5 in response to the epithelial cytokines IL-25 and IL-33. Here, we use IL-4 and IL-13 reporter mice to track lineage-negative innate cells that arise during type 2 immunity or in response to IL-25 and IL-33 in vivo. Unexpectedly, lineage-negative IL-25 (and IL-33) responsive cells are widely distributed in tissues of the mouse and are particularly prevalent in mesenteric lymph nodes, spleen, and liver. These cells expand robustly in response to exogenous IL-25 or IL-33 and after infection with the helminth Nippostrongylus brasiliensis, and they are the major innate IL-13-expressing cells under these conditions. Activation of these cells using IL-25 is sufficient for worm clearance, even in the absence of adaptive immunity. Widely dispersed innate type 2 helper cells, which we designate Ih2 cells, play an integral role in type 2 immune responses.
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helminth infection | IL-25 | IL-33 | Nippostrongylus brasiliensis T ype 2 immune responses are important for the control of infections at mucosal barriers and the development of allergic inflammation. These responses are characterized by eosinophilia, elevated IgE, goblet cell metaplasia with enhanced mucus production, and smooth muscle hyperreactivity, all of which rely critically on production of the canonical type 2-associated cytokines IL-4, IL-5, and IL-13 (1, 2) . Although adaptive Th2 cells and follicular T cells are important sources of these cytokines (3) , various innate cells, including eosinophils, basophils, and mast cells, have also been implicated as producers of these cytokines in various model systems (1, 2, 4, 5) . More recently, the cytokines IL-25 and IL-33, members of the IL-17 and IL-1 cytokine families, respectively, were found to induce type 2 cytokine production when administered to mice, implicating these cytokines in the initiation of type 2 immune responses (6, 7) . IL-25 and IL-33 are expressed by epithelial cells, macrophages, and possibly other cell types (8) , and they are expressed at elevated levels during infection with parasitic helminths (9, 10) or after challenge with allergens (9, 11) . Administration of exogenous IL-25 or IL-33 to mice leads to markedly enhanced levels of IL-4, IL-5, and IL-13 and many of the tissue features of a type 2 immune response (6, 7) . Conversely, deficiency in IL-25 leads to diminished IL-4, IL-5, and IL-13 production and variable delays in worm clearance in different helminth models (12, 13) . Similarly, mice unable to respond to IL-33 because of deficiency in the T1-ST2 subunit of the IL-33 receptor display diminished Th2-associated cytokines and decreased granuloma formation after injection of Schistosoma mansoni eggs (14) .
Some of the original descriptions of these cytokines as well as more recent reports have noted the capacity of exogenous IL-25, IL-33, or helminth infection to induce the proliferation of a novel non-T/non-B cell population (6, 9, 12, (15) (16) (17) . Although the surface phenotype of these cells has not been firmly established, there seems to be a consensus that these cells are negative for standard lineage markers and have a size and morphology that suggests a lymphoid origin. Multiple reports also describe a role for these cells in producing and secreting the Th2-associated cytokines IL-4, IL-5, and IL-13, and function marking using cytokine reporter mice has contributed directly to investigations of these cells (12, 16, 17) .
Here, we characterize these non-T/non-B lineage-negative cells at rest, after administration of exogenous IL-25 and IL-33, and during the course of infection with the helminth Nippostrongylus brasiliensis. We show that these cells are present in many organs at rest, expand after the addition of cytokines or during infection, and possess a distinct surface phenotype and gene-expression pattern. Furthermore, we show that these lineage-negative cells are the major innate IL-13-producing cells in each of these models and thus, are poised to play a significant role in type 2 immune responses.
Results
Lineage-Negative Cells Are Systemically Distributed in Resting Mice.
We used IL-4 reporter mice (4get) (18) to determine the phenotype and distribution of IL-4-expressing cells in resting mice. In these mice, the 3′UTR of the il4 gene was modified to include an internal ribosomal entry site (IRES) followed by egfp, resulting in 5′ cap-independent translation of GFP when the locus is activated, thus effectively marking IL-4-competent cells in situ (19) . Cell types that are constitutively GFP+ in these mice include eosinophils, basophils, mast cells, natural killer T (NKT) cells, and Th2 cells (4, 5, 20) . On closer analysis, an additional GFP+ cell type was apparent in multiple tissues of resting mice (Fig. 1A) . These cells were small, side-scatter low cells resembling lymphocytes and were negative for surface markers that characterize T and NKT cells (including CD3, CD4, and CD8), eosinophils (Siglec-F and CD11b), basophils (CD49b, IgE, and CD131), and mast cells (IgE) (Fig. 1A) .
Further examination of these cells revealed a surface phenotype characterized as lineage-negative for classic T, B, NK, myeloid, and dendritic cell markers (Fig. 1B) and c-kit low, Sca-1-negative, CD122 (IL-2Rβ) low, Ly5.2+, Thy1+, and CD44 high (Fig. 1C ). As such, these resting cells resembled c-kit+ lineagenegative cells that were elicited in response to IL-25 or IL-33 in previous studies (6, 9, 12, 15, 16) . In resting mice, we identified populations of these lineage-negative cells in all organs and tissues that we examined, except for the blood (Fig. 1D) . The highest numbers of lineage-negative cells were present in the mesenteric lymph nodes, spleen, liver, and bone marrow, with fewer cells in the lung and peritoneum. Consistent with previous reports, lineage-negative cells were readily recovered from tissues of Rag2 −/− mice lacking adaptive immune cells, Kit W-sh/W-sh mice lacking mast cells, and ΔdblGATA mice lacking eosinophils (Fig. S1 ). However, and as originally noted (6), these cells were completely absent in mice lacking the lymphocyte common-γ chain receptor, suggesting that these cells require signaling through a common-γ chain cytokine for their development and/or survival (Fig. 1E) . Although more extensive analysis is required, we observed no cytokine expression or proliferation of these cells in vivo after administration of 500 ng of the individual γc-binding cytokines IL-2, IL-4, IL-9, IL-13, IL-15, or IL-21 to 4get mice. Thus, lineagenegative IL-4-competent cells are distributed widely throughout tissues of resting mice and share phenotypic and developmental features with earlier described populations of lineage-negative innate immune cells that expand in response to IL-25. Exogenous IL-25 or IL-33 and During Helminth Infection. The previously described lineagenegative cells were identified initially in lung and spleen (6, 9) and later in mesentery (12) by their capacity to expand in vivo in response to exogenous IL-25 or IL-33 and release IL-13 and IL-5 implicated in epithelial goblet cell metaplasia and eosinophilia, respectively. It was unclear whether the cells we describe in multiple organs share this common effector capacity. We administered 500 ng IL-25 or IL-33 on 4 consecutive d to 4get mice and monitored the kinetics of cell expansion and eosinophil accumulation in the respective tissues. After four doses of cytokine, we documented dramatic increases in the numbers of lineagenegative cells and eosinophils in all organs examined ( Fig. 2A) . With kinetic studies, we showed that lineage-negative cells peaked in the mesenteric lymph node, spleen, and liver between days 3 and 4, whereas eosinophils continued to increase in the various organs throughout the 8-d time course (Fig. S2) , suggesting that eosinophil recruitment is likely downstream of activation of these lineage-negative cells and presumably, reflects their IL-5-and IL-13-producing capacity. Importantly, these studies link these widely dispersed lineage-negative cells by their common responsiveness to IL-25 and IL-33 and by their effector capacity as revealed by eosinophil recruitment into multiple tissues throughout the body.
Lineage-Negative Cells Expand in Response to
N. brasiliensis is an intestinal helminth that models the migratory pathway of human hookworm (21); s.c. injected larvae enter the vasculature, migrate to the lungs, molt, penetrate the alveoli, and ascend the trachea, where the worms are swallowed to complete maturation in the small bowel. Adult worms of this rat parasite are cleared in immunocompetent mice after 8-10 d by a Th2-orchestrated type 2 immune response (22) . After infection with N. brasiliensis, the lineage-negative GFP+ cell population also increased in all organs examined, peaking in the mesenteric lymph node 5 d after infection and in the spleen and lung 2 d later (Fig. 2B) . Thus, lineage-negative cells respond to both exogenous cytokines and helminth challenge by marked increase in numbers, consistent with a shared lineage for all of these cells, even in disparate organs. Furthermore, the eosinophil infiltration induced in each of these organs in response to IL-25 or helminth infection supports their systemic activation to a common functional state after these challenges. Despite the constitutive GFP fluorescence of the lineage-negative cells from 4get mice, it remained unclear whether these cells produce the cytokine IL-4 in vivo. To address this question, we used 4get × KN2 mice, which express one 4get allele and one allele in which a modified human CD2 gene replaces the il4 gene at the endogenous IL-4 start site (24) . Cells from these mice can be used to track IL-4-secreting cells in vivo without the need for restimulation. Whether assessed at rest, after IL-25 challenge, or during the course of N. brasiliensis infection, however, we were unable to document significant human CD2 expression on lineage-negative cells from 4get × KN2 mice, despite our ability to show robust human CD2 expression by Th2 cells collected from the same tissues ( Fig. S3 ). Thus, we infer that lineage-negative cells do not produce IL-4 in vivo under physiologic conditions. IL-13 plays an important and nonredundant role in type 2 immune responses (22, 25) . After infection with N. brasiliensis, mice deficient in IL-4 have diminished Th2 cytokine responses but are able to clear worms (26) . In contrast, mice deficient in IL-13 have a more profound deficit in worm clearance and show defects in goblet cell hyperplasia (22, 27) . To gain insight into the expression and distribution of IL-13-producing cells in vivo, we generated IL-13 reporter mice, designated YFP-enhanced transcript with Cre recombinase at the il13 gene (YetCre-13), by introducing an IRES followed by YFP-Cre recombinase fusion 8 is ∼2 3 -fold higher than the median signal obtained with randomized negative-control probes. *, Itga4, integrin alpha 4; Jag1, Jagged 1; IL9R, IL-9 receptor; IL1R1, IL-1 receptor type 1; Ptger3, prostaglandin E receptor 3; CCR3, chemokine receptor 3; Btk, Bruton agammaglobulinemia tyrosine kinase; Gata3, GATA binding protein 3; Ikzf3, IKAROS family zince finger 3 (Aiolos); IL2ra, IL-2 receptor alpha chain; Rgs18, regulator of G protein signaling 18; Tph1, tryptophan hydrolase 1; Chdh, choline dehydrogenase; Stat-6, signal transducer and activator of transcription 6 (C). Diagram showing the numbers of probes in each of the seven groups listed in B.
protein at the start of the 3′UTR of the il13 gene. To enhance detection of lineage-negative cells that activated the IL-13 locus, we crossed YetCre-13 mice to Rosa-floxed-Stop-YFP mice (28) . In this way, any cells having activated the YFP-Cre fusion protein at any time will flox and activate the Rosa-YFP in a constitutive fashion, thus leaving a lineage mark that defines the prior activation of the il13 gene.
Using the YetCre13 Rosa-YFP amplifier reporter mice to follow IL-13-expressing cells in response to IL-25, we observed only small numbers of YFP+ CD4+ T cells and substantial populations of innate YFP+ cells in multiple organs with the same surface and size phenotype as the lineage-negative cells defined using the 4get allele (Fig. 4 A and B) . Induction of IL-13 + lineage-negative cells also occurred after infection with N. brasiliensis, with similar kinetics and numbers of cells as previously shown using 4get mice (Fig. 4C ). Using these IL-13 reporter mice, we found that, after IL-25 administration or during N. brasiliensis infection, the only significant population of innate cells that expressed IL-13 besides the lineage-negative cells was a minor population of mast cells in the peritoneum (Fig. 4D ). Eosinophils and basophils did not express the IL-13 marker under these conditions (Fig. S4) . Taken together, these data suggest that a substantial portion of the lineage-negative cells express IL-13 when activated in vivo during type 2 immune responses and that these cells are the major innate IL-13-producing cells in multiple tissues in the mouse. Additionally, when taken directly from mice after expansion and assayed for in- (Fig. S5) .
Lineage-Negative Cells Contribute to Worm Clearance and Tissue
Eosinophil Accumulation. To confirm that IL-13 production constitutes a stereotyped response by the lineage-negative cells in all organs, we crossed YetCre-13 mice to Rosa-flox-Stop-diphtheria toxin α (Rosa-DTA) mice (29) . In cells from these animals, activation of il13 transcription generates YFP-Cre fusion protein that will excise the flox-stop cassette and lead to the production of diphtheria toxin α, thus killing IL-13-producing cells. These mice were additionally crossed onto a heterozygous 4get background, enabling the tracking of the total numbers of lineage-negative cells using surface markers and GFP fluorescence. After administration of IL-25, we noted a substantial decrease in the numbers of recovered lineagenegative cells in the YetCre13-Rosa-DTA mice compared with littermate controls in all organs assayed, including the mesenteric lymph nodes, spleen, liver, and peritoneum ( Fig. 5 A and B) . Furthermore, the decrease in lineage-negative cells was accompanied by a marked decrease in the numbers of infiltrating eosinophils. Although the deleter allele will similarly delete IL-13-producing Th2 cells, the small numbers of these cells induced after IL-25 suggest that lineage-negative cells are the major mediators of eosinophil recruitment after administration of this cytokine.
To establish that lineage-negative cells alone could reconstitute functional aspects of antihelminth immunity, we corroborated prior findings (12, 16) clearance and eosinophil tissue infiltration in Rag 2 −/− mice infected with N. brasiliensis (Fig. 5C ). In contrast, administration of IL-25 to common-γ −/− × Rag2 −/− mice, which lack both adaptive immunity and lineage-negative cells did not lead to worm clearance or significant increases in tissue eosinophils. To confirm that the failure to mediate these effects was caused by the absence of lineage-negative cells, we adoptively transferred 5 × 10 5 lineage-negative cells into the common-γ −/− × Rag 2 −/− mice 2 d before infection with N. brasiliensis. When assessed 5 d after infection, lineage-negative cells alone had no effect on worm numbers or eosinophil tissue infiltration, consistent with the need for an additional signal regulating their activation during infection. Indeed, adoptively transferred lineage-negative cells substantially rescued IL-25-dependent worm clearance and eosinophil tissue infiltration in common-γ Discussion IL-4 and IL-13 play central roles in the orchestration of antihelminth immunity and allergic responses. Originating from a gene duplication, these cytokines bind to shared and disparate receptors and mediate many overlapping downstream effector pathways (30, 31) . Despite these observations, these cytokines also have more dedicated functions during a type 2 response, with IL-4 facilitating humoral IgG1 and IgE production (3) and IL-13 contributing to epithelial hyperplasia and eosinophil recruitment in peripheral tissues (32) . As such, efforts to understand where and how IL-4 and IL-13 are produced in tissues will be important in understanding the dichotomous roles for these cytokines in barrier and allergic immunity.
Here, we use knockin reporter mice to identify IL-4-and IL-13-expressing cells that accumulate in tissues in response to exogenous cytokines, IL-25 and IL-33, and intestinal worm infection. We confirm prior findings that a unique lineage-negative cell is a target of IL-25 and IL-33, that activation of these cells is accompanied by their expansion and their expression of IL-13 and IL-5, and that activation of these cells is sufficient to mediate the major peripheral effects of IL-25, including eosinophilia and worm clearance (6, 9, 12, 15, 16) . We extend these findings to show that cells of this same phenotype populate many organs in the resting mouse and are particularly prevalent in the mesenteric lymph node, spleen, and liver. Importantly, all of these populations share a similar surface phenotype and functional response, suggesting that they represent a common lineage of cells that is distributed throughout the body where they can integrate signals mediated by IL-25, IL-33, and possibly other cytokines. In deference to the original observations of these cells by investigators at the prior DNAX Research Institute as well as the historical designation of Th1 and Th2 cells at that institute, we designate these cells innate helper type 2 cells (Ih2 cells), although alternative names have been suggested for similar cells by other investigators (15) (16) (17) .
Despite the potent production of IL-13 and IL-5, we could not show production of IL-4 by Ih2 cells in vivo. We used sensitive reporter mice to show that these cells do not produce IL-4 in vivo, even under conditions where Th2 cells in tissues can be readily shown to be IL-4-secreting. After administration of IL-25, IL-33, or during N. brasiliensis infection, Ih2 cells were the predominant IL-13-expressing cells in all tissues examined. As such, the widespread effects of IL-13 deficiency on tissue manifestations of type 2 immunity may be explained by the functional deficit conferred on these peripherally arrayed Ih2 cells.
The widespread distribution of Ih2 cells raises questions regarding their trafficking and survival in peripheral tissues. Despite a sensitive marker for these cells, we did not detect Ih2 cells in blood, consistent with rapid transit through blood to tissue or local expansion from tissue-restricted precursors. Further work will be required to address these possibilities. Additionally, the sources of IL-25 or IL-33, or possibly other cytokines, that lead to activation of these cells during physiologic responses will be important areas of investigation. Lastly, the potential exists for a fundamental homeostatic role for these cells in regulating the status of peripheral organs and tissues by cytokine-mediated interactions with resident and recruited cells. As such, aberrant activation of tissue-resident Ih2 cells may contribute to the chronic nature of allergic diseases such as atopy and asthma, and further assessment of their role in such diseases will be aided through use of the reporter mice that we describe. Finally, it will be important to determine the relationship of Ih2 cells to innate cells associated with type 2 immunity defined in prior reports. The functional identification of Ih2 cells as a major IL-13-producing population is consistent with the original description of these cells (6) as well as more recent studies using IL-13 reporter mice (16). We have not noted organization of Ih2 cells into the adipose-associated structures reported to be present in the mesentery (15) , although further study will be required to more precisely determine the localization of Ih2 cells in peripheral tissues. A report by Saenz et al. (17) described cells with a similar surface phenotype in mesenteric lymph nodes that may have a precursor relationship with myeloid lineages involved in type 2 immunity. In contrast, the IL-13-producing cells we and others describe have properties suggesting a lymphoid lineage, including, as shown here, the shared expression of Aiolos with Th2 cells (33) . Further work is certainly needed to understand the interrelationships between these intriguing innate cell populations. 
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SI Methods
Mice. IL-13 reporter mice, designated YFP-enhanced transcript with Cre recombinase at the il13 gene (YetCre-13), were generated after amplification of a 2.5-kb fragment of the il13 locus containing partial exon 1 (downstream of the BglII site) through exon 4 of the protein-coding sequence from 129/SvJ genomic DNA to serve as the 5′ homologous arm of the targeting vector. A 1.8-kb PCR amplicon containing the complete il13 3′ UTR plus the endogenous polyadenylation signal and downstream intergenic sequence was used as the 3′ homologous arm. A loxPNeo r -loxP-internal ribosomal entry site (IRES)-YFP-Cre cassette was introduced into pKO915 (Lexicon) polylinker followed by sequential insertions of both homologous arms. The targeting construct was completed by adding a diphtheria α chain (DTA) cassette from pKO-Select-DT (Lexicon) as a negative selection marker. Insertion of this bicistronic IRES-YFP-Cre reporter/ recombinase cassette between the il13 translational stop codon and the 3′ UTR preserves the capacity of cytokine production and concomitant expression of the YFP-Cre fusion protein in the setting of the endogenous regulatory sequences. The NotI-linearized targeting vector was electroporated into PrmCre embryonic stem (ES) cells (1) and selected in 300 g·mL −1 G418. Resistant ES cell clones were screened for homologous recombination by Southern blot, and two independent clones were injected into C57BL/6 blastocysts to generate chimeras. The floxed Neo r cassette was deleted in the male germline after breeding male chimaeras to wild-type B6 females. Heterozygous N1 animals were backcrossed to B6 mice, and N2 offspring were screened for the presence of the reporter/recombinase and the absence of the PrmCre transgene. YetCre13 mice were backcrossed onto BALB/c background for 10 generations. YetCre-13 mice were then crossed to C57BL/6 Rosa-YFP amplifier mice (Jackson Laboratories) or Rosa-DTA deleter mice previously generated in the laboratory to achieve targeted deletion (2) . Mice were maintained in the specific pathogen-free animal facility at the University of California San Francisco according to institutional guidelines.
Cell Preparation. Blood was collected from the tail vein. Peritoneal lavage was performed after injecting 10 mL of PBS into the peritoneal space and withdrawing 5 mL for cell analysis. For tissue samples, mice were perfused transcardially with 20 mL PBS, and the mesenteric lymph nodes, spleen, liver, lung (left lobe), and bone marrow (left femur) were removed. Organs were mechanically dissociated, and cells were passed through a 70-μm filter to generate single-cell suspensions. Bone-marrow cells were collected by flushing excised femurs with PBS. Liver samples were resuspended in 30% Percoll, underlaid with 100% Percoll, and spun at room temperature for 30 min, and the cells were collected from the interface. Intracellular Cytokine Staining. Sorted lineage-negative cells were resuspended in media and stimulated for 2.5 h in the presence of phorbol myristate acetate (500 ng/mL) and ionomycin (750 ng/mL). Monensin (3 μM) was added for the final 1.5 h. Cells were stained for surface markers, fixed, and permeabilized, and then, they were stained for intracellular markers. Dead cells were excluded using a violet live/dead fixable stain (Invitrogen).
Microarray Analysis. RNA was isolated from sorted lineage-negative cells, Th2 cells, and basophils (after IL-25 immunization or on day 5 of Nippostrongylus brasiliensis infection) using the RNeasy Plus Mini kit (Qiagen). Total RNA quality was assessed using a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent Technologies). RNA was amplified using the Sigma whole transcriptome amplification kits following the manufacturer's protocol (Sigma-Aldrich). Cy3-cytidine triphosphate labeling was performed using NimbleGen one-color labeling kits (Roche-NimbleGen). The size distribution and quantity of the amplified product was assessed using the Agilent 2100 Bioanalyzer and the Nanodrop ND-8000 (Nanodrop Technologies), the labeled DNA was assessed using the Nandrop 8000, and equal amounts of Cy3-labeled target were hybridized to Agilent Whole Mouse Genome Microarrays (4 × 44 K format). Hybridizations were performed for 14 h, according to the manufacturer's protocol. Arrays were scanned using the Agilent microarray scanner, and raw signal intensities were extracted with Feature Extraction v10.1 software. Sample preparation, labeling, and array hybridizations were performed using standard protocols from the University of California San Francisco Shared Microarray Core Facilities and Agilent Technologies. Median feature pixel intensity was normalized using quantile normalization (3). A one-way ANOVA linear model was used to estimate the mean log2-fold change and calculate the moderated t statistic and false-discovery rate for each gene for the comparisons of interest. All procedures were carried out using functions in the R package limma in Bioconductor (4, 5) . 
